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I. INTRODUCTION
Considering the natural dc characteristics of photovoltaic (PV) voltage and current, as well as the PV panel's insulation demand [1] , [2] , the quasi-Z-source modular cascaded converter (qZS-MCC) has been proposed for dc integration of PV power. Inheriting the advantages of the quasi-Z-source inverters [3] - [8] , the qZS-MCC has unified front-end isolation converters of all submodules (SMs), while the post-stage qZS half-bridge (HB) dc-dc converters fulfill high dc-bus voltage, PV maximum power point tracking (MPPT), and dc-link voltages balance [9] - [12] . Hence, the control resources could be highly reduced when numbers of SMs are in series to reach medium/high voltage (MV/HV) dc bus, compared to its counterparts which are consisted of traditional two-stage isolated dc-dc converters [13] .
System-level control of qZS-MCC PV power system is developed with 2n+1 closed proportional-integral (PI) control loops for n SMs formed qZS-MCC [10] , [11] . The dc-link voltage balance of each SM is fulfilled by a dual-loop PI regulator-based control, the MPPT of each SM utilizes one PI regulator, and the dc grid-connected current control is achieved by a total PI regulator-based controller. The system stability and rapidity are highly dependent on PI parameters. Derivative regulator could be combined to improve the performance, but computation burden will increase when high number of SMs are cascaded to reach a certain HV. This paper contributes to propose an average model predictive control (AMPC)-based method for qZS-MCC PV power system. The shoot-through duty cycles for dc-link voltage control and total modulation index for dc gridconnected current control are predicted based on the average models of voltages and currents as well as present circuit measurements. The predictions are performed to the qZS-MCC modulator, instead of evaluating a cost function under all possible switching states in the traditional model predictive control (MPC) [14] - [16] . As a result, only one PI regulator for PV MPPT is required in each SM, thus to low computation. In addition, high performance is fulfilled for the qZS-MCC PV power system with fast dynamic responses and accurate tracking under the simple control implementation.
The paper is structured as follows: Section II addresses the proposed AMPC method for qZS-MCC-based high-power PV system, including grid-connected current control and dc-link voltages balance; Section III illustrates simulation and experimental results; and Section IV draws conclusion. Fig. 1 shows the topology of the qZS-MCC for dc collection of PV power. The outputs of front-end isolated qZS-HB dc-dc PV converter SMs are cascaded to reach a voltage higher than the PV panel's insulation voltage, which is able to serve MV-ac grids or motors through a dc-ac modulator multilevel converter [9] . Several qZS-MCC PV systems can be simply integrated at the HV dc bus.
II. QZS-MCC PV POWER SYSTEM
Unified duty cycle D0=0.5 is applied to the front-end HB of all SMs. Then, the input voltage and current of the poststage HB are, respectively [9] , (1) In addition, the dc-link peak voltage, and voltages of capacitors C1 and C2 of the kth SM are, respectively [17] 
A. AMPC-Based Grid Current Control
Each SM has duration of MkTs in active state, and (1 Mk)Ts in zero and ST states during one control cycle Ts, k {1, 2}, as Fig. 4 shows. When both the SMs are in the active state, the qZS-MCC output voltage vo is equal to VDC1+VDC2, and the grid-connected filter inductance is charged; otherwise, the vo will be VDC1 or VDC2, and the filter inductance discharges. The dc-link voltages are balanced under the well-developed control. Hence, when all the SMs are in active state, there is dynamic of (5) where = = =…= denotes the constant dc-link peak voltage of all SMs, denotes the dc grid voltage, denotes filter inductance, and denotes internal resistance.
When any SM is in zero and ST states, there is (6) Fig. 3 . Proposed AMPC-based dc grid-connected control of qZS-MCC PV power system. (5) and (6), the total derivation of grid-connected current is (7) Using Euler method, the discrete current derivation holds (8) From (7) and (8) , the average load current at the (N+1)th time instant is predicted by (9) Then the average qZS-MCC's grid-connected current io[N+2] at the (N+2)th time instant can be obtained as (10) Because of the much small sampling time, the control goal of is to ensure the grid-connected current at the (N+2)th time instant equal the reference , i.e., the cost function is (11) Then substituting (11) into (10), the total modulation index for the (N+1)th time instant is obtained as (12) In addition, the qZS-HB input voltage and current are measured to perform the P&O MPPT through a PI regulator in each SM, obtaining the maximum point power . And the required modulation index of the kth SM is obtained from the division of by (13) where = + +…+ is the sum of n SMs' reference powers.
To inject all the maximum point powers to the dc collection grid, further determines the reference gridconnected current by (14)
B. AMPC-Based DC-Link Voltage Control
Each post-stage qZS-HB independently operates at its own states, depending on the on-off states of switches Sbk1 and Sbk2. Under L1=L2=L and C1=C2=C, the dynamic of qZS network is simplified into a second-order system [18] , [19] . In the ST state, there are (15) where r and R denote the internal resistance of qZS inductor and capacitor, respectively.
The non-ST state yields (16) Similar to the discretization of grid-connected current derivation, the average qZS-HB input current and capacitor-C1 voltage at the (N+2)th time instant are obtained, respectively, (17) (18) The control objective of ST duty cycle at the (N+1)th instant is to ensure a zero error between the reference dc-link peak voltage and the actual peak voltage , and a zero error between the reference qZS-HB input current and actual current , at the (N+2)th time instant, i.e., (19) 
Substituting (19) into (17) and (18) (21) IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS Without loss of generality, a qZS-MCC PV system consisted of two front-end isolated qZS-HB SMs is simulated in MATLAB/Simulink and tested in a downscaled prototype, under the proposed AMPC-based gird-connected current control and dc-link voltage control.
In simulation, the system parameters are: the PV array voltage is 175~300 V, i.e., the qZS network input voltage is 350~600 V; the qZS inductance and capacitance are 750 μH and 1100 μF, respectively; the switching frequency of poststage qZS-HB is 10 kHz. At the beginning, the two SMs work at the same condition. The PV panel irradiance of SM1 decreases at 0.5 s. Results are shown in Fig. 5 . Similar condition is performed to the downscaled prototype, with results shown in Fig. 6 . Table I lists the system specifications of the prototype. It is noted that fast and accurate tracking are achieved, with simple control structure and low computation. The circuit voltages and currents become stable within 0.1 s after the PV power changes, which is nearly 2 s in [12] when using the traditional PI-based control. 
V. CONCLUSION
This paper proposed an AMPC-based strategy for dc grid integration of qZS-MCC PV power system. The dc-link voltage control of each SM and grid-connected current control were achieved through predictions of shoot-through duty cycles and total modulation index, based on the established average models of grid current, qZS-HB input current, and qZS capacitor-C1 voltage. Control computation was extremely low compared to using traditional PI control or MPC, because PI regulators were significantly reduced and no evaluation of switching states were required. Simulation and downscaled experimental results demonstrated high performance of the qZS-MCC PV power system to PV voltage and current changes under the proposed control.
